The inheritance of resistance in Upland cotton to Xanthomonas malvacearum was investigated using a half diallel set of crosses between six inbred varieties.
INTRODUCTION
THE inheritance of resistance of the cotton plant to bacterial blight (Xanthomonas malvacearum (E. F. Sm.) Dowson) , was first demonstrated by Knight and Clouston (1939) . Knight and his collaborators at Shambat in the Sudan developed techniques for inoculation and scoring disease severity. They then screened wild and cultivated cottons for genetical resistance and located the " B " series of genes. In early work deviations from Mendelian ratios were ascribed to " modifiers ", to genetical disturbance from interspecific crosses and to environmental variation.
Breeders then concentrated on transferring B genes to commercial varieties by backcrossing. This was straightforward when using B genes from the tetraploid (4n = 52) species, Gossypium barbadense and G. /zirsutum, that produce the modern cotton crops. Transference to these species from various diploids (2n = 26) was more difficult, usually necessitating auto-complicating effects of" minor genes" with variable expression, and found that some interacted with resistance genes at other loci. B6, for example, intensified others and was thus often termed B6m (m for modifier) (Knight, 1957) . It was eventually shown to be recessive (Saunders and Innes, 1963) . A further complication was the discovery of genetical variation for virulence in the pathogen (Brinkerhoff, 1963) .
Recent work on bacterial blight has concentrated on interactions of genotypes with environment and upon the build-up of genetical resistance by selection of polygenes in populations exposed to the disease (Arnold, 1963; Arnold and Brown, 1968) .
In this study two sites in the Sudan were used: Shambat, near Khartoum, is only 177 km from Wad Medani, but the two environments are quite different ecologically. Knight's (1957) data were obtained at Shambat, but between 1963 and 1965 the breeding material was moved south to Wad Medani in the Gezira (Innes, 1970) . The inheritance of resistance to blight in a half diallel set of crosses of five inbred Upland (G. hirsutum) varieties screened at Namulonge (Uganda) and Wad Medani was described by Innes and Brown (1969) . They found that additive and dominance components accounted for most of the genetical variance in their experiments. Three parents from their study and three other inbreds were used in the present work; Shambat was added as a third location.
In the following account Hayman's (I 954a) analysis of variance was used for preliminary screening before applying the Wr/Vr graphical method of Jinks (1954) and Hayman (1954b) . Sites were too few to allow useful analysis by other regression methods, but Allard's (l956a) method of evaluating the stability of additive, dominance and non-allelic interaction variances was used.
MATERIALS AND METHODS
The six inbred lines used, with their B gene content (Knight, 1957; Bird and Hadley, 1958; Joham, Lipke and Hold, 1967) 
Sudan
At each site six parents and the 15 F1's and 15 F2's comprising the half diallel set were grown in a 6 x 6 triple lattice, with three replicates (blocks).
Reciprocal crosses were not used, as tests have so far failed to indicate maternal effects upon blight resistance. At the Sudan sites there were three plants per hill at 80 cm x 50 cm (66 plants per plot); at Namulonge there was one plant per hill at 90 cm x 60 cm (40 plants per plot). Leaves and * B, denotes resistance from the Upland variety Stoneville 20. In Bar 24/5, it was transferred to Acala 4.42 via G. barbadense (Innes, 1964) ; in Acala 1517BR the transfer was direct (Blank and Hunter, 1955) .
t Bsm is the Stoneville minor gene complex.
boils were inoculated at Namulonge and leaves only in the Sudan, using techniques described by Innes and Brown (1969) . Inoculation and scoring dates are given in table 1.
On the third occasion of boll inoculation at Namulonge plots were split for two bacterial cultures, NCC 38 and NCC 40. Arnold and Brown (1968) had shown that both cultures were on average highly virulent, but plants showed different reactions to each culture in different environments. Also, on average, the intra-population variance for host resistance was less for NCC 38 than for NCC 40.
Computer analyses of single occasions and cultures, were made at Birmingham University using a FORTRAN programme by M. J. Lawrence. Some pooled analyses were also performed in Birmingham, but most of these, including all data matrices from which arrays were omitted, were evaluated in Edinburgh. The programme was the diallel facility in ASCOP, originated by B. E. Cooper and extended with the help of M. H. Moores. For Hayman analyses of variance Bartlett's test for heterogeneity was made on interaction variances Ba, Bb1, Bb2 and Bb3 prior to extracting site effects. When these variances were homogeneous components were tested against the common error (Bt): when they were heterogeneous each main item was tested against its appropriate interaction.
RESULTS AND DISCUsSION
(a) Distribution patterns of leaf disease grades Frequency histograms of leaf grades of some parents, their F1's and F2's are shown in figs. 1-3. The near immunity of the American variety l0l-102B (4), at all sites is striking ( fig. 1 and table 2 ). It is demonstrably more resistant than is Bar 12/16 (6), a Sudan bred B2B2B6B6 type, which, nevertheless, maintained high resistance at all sites ( fig. 2 ). The occurrence in some families of a point of minimum frequency in grade 1 is misleading: at the resistant end of the scale mechanical damage (e.g. insect punctures) can be mistaken for blight lesions. Grades 0, 1 and 2 should perhaps be amalgamated, but Knight's (1946) scale has been retained for consistency.
Dominance of genes from 101-1 02B is readily detectable in its progeny (fig. 1) ; the lack of susceptible segregants in the F2 generation probably stems from segregation of the minor genes from Stoneville.
It was noted above that resistance attributed to the B7 locus from Stoneville 20 was transferred to Acala 4.42 via G. barbadense to create Bar 24/5, and directly in breeding Acala 151 7BR. Bird and Hadley (1958) The item designated b1 is a measure of directional, non-additive effects,
i.e. potence: in the absence of non-allelic interaction it is attributable to dominance. The b3 term measures non-additive genetical variance ascribable to residual, specific interactions after accounting for parental array effects. Hayrnan considered that the b2 item reveals asymmetry in gene
The between sites main effect is significant (P <0.05) for the F1 generation only. Both a and b effects are strongly influenced by location, as shown by the relevant site interactions. Potence, however, is expressed largely independently of sites, as the sites x b1 interactions fail to reach significance in F1 and F2. On the other hand, both the b2 and b3 interactions with sites are significant, indicating that environment influences the expression of the complex, non-additive effects.
As the Hayman analyses reveal non-additive effects we turn to the Jinks (1954) statistics to distinguish between dominance and non-allelic interaction. Regression lines in Wr/Vr graphs ( fig. 4) for both generations at all sites do not deviate significantly from unit slope. Non-allelic interaction is not therefore suspected, and the interceptions of the regression lines with the Wr axes indicate complete dominance after adjustment of the axes for error components. The strong dominance of 101-1 02B (4), shown in the histograms above, is re-emphasised here by the closeness of its array co-ordinate to the proximal intersection of regression line and limiting Further examination of these Wr/ Vr graphs reveals that co-ordinates of arrays 3 and 5 differ considerably at Namulonge but not at either Sudan site. Although both arrays contain the B7 gene, the dominance relationships vary with environment.
This conclusion is confirmed by results of an Allard (I 965a) type analysis of dominance and of genotype by environment interactions. Allard originally presented an amalgam of two different, but interrelated, analyses: the blight data herein are presented in separate form.
From table 5a non-additive, genotypic differences between parents are shown to be significant by testing the arrays item against the arrays by sites interaction. This component detects differences in rank along the regression line, i.e. dominance in the absence of other non-additive contributions. The significance of the arrays by sites item against residual error from table 5b indicates not only interaction of genotype with environment, but more specifically that non-additive variation is not constant. We shall see that parents do not maintain the same dominance relationships at three sites.
Allard's test allows an estimate of the degree of dominance; the average dominance component is significant in an F1 diallel when mean dominance is low or partial. The dominance item in table 5b measures -H1) in F1, therefore when HID = 1 dominance is complete and the term non-significant, as here. This corroborates the conclusion from the Jinks' Wr/Vr analysis, where the close proximity of the intercept of the regression line to the origin also indicates complete dominance ( fig. 4) . In F2 populations the item measures 1(D -H1), therefore even when dominance occurs significance is expected, and is indeed found here.
The dominance x arrays item in each generation measures non-allelic interaction, correlated gene distribution, or both, among parents. The two Yr small, non-significant contributions allotted to this item indicate that dominance is the major source of non-additive variance. The variances for dominance x sites and the second order interaction (dominance x arrays x sites), are specific measures of non-additive contributions, and in this case are non-significant. 
Analyses of data with all arrays included. Mean values from transformed boll lesion scores are presented in tables 6 and 7. In contrast to the leaf results, mean potence is not constant. For example, the hybrid scores indicate more resistance than the mean parental value using NCC 38 on occasion 1, whereas the reverse is true with the same culture on the other occasions.
Hayman analyses give very similar results for the three occasions when the same culture was used, so data for NCC 38 pooled over occasions are presented in table 8. Additive genetic variance is again highly significant. The overall non-additive term b is significant and there is evidence that the general and specific non-additive array effects, b2 and b3, are also significant.
The situation differs from that obtaining for leaf scores in that there is no overall, directional, non-additive element here. We shall see below from the Jinks' analyses that non-allelic interaction is absent, so the present nonsignificance of b1 presumably reflects the cancelling out of potence in two directions.
Results from Hayman analyses of data from boll lesions induced by cultures NCC 40 and NCC 38 inoculated on the same data are given in table 9. All genetic variances are smaller for NCC 40 than for NCC 38; in particular the non-additive genetical effects are relatively trivial. The bearing of this finding on experimentation with X. malvacearum is discussed below.
Turning to the Jinks' analysis to investigate non-additive genetic variance we find that the slopes of the six Wr/ Vr regression lines (F1 and F2 for three occasions using NGC 38), do not differ significantly from unity. The nonadditivity can confidently be ascribed to dominance. Graphs for pooled data for F1 and F2 from the three occasions using NCC 38 are presented in fig. 5 , together with graphs relating separately to NCC 38 and NCC 40 on occasion 3.
On all graphs 101-1 02B (4) exhibits strong dominance. The difference in dominance between this and the other five parents is extreme using NCC 38 bacteria, array points along the NCC 40 regression line being more evenly Results from an Allard-type analysis for three occasions with NCC 38 as infecting agent are given in table 10. From table 1 Oa large, non-additive genotypic differences are evident: differences due to occasions are significant only in the F1 generation. The consistency of non-additive differences in boll lesion scores over occasions is shown by lack of significance of the arrays by occasions interaction. This contrasts with leaf scores over sites.
From table lOb it seems that the average level of dominance for boll resistance is lower than that shown by the leaf data. This is shown by the significance of the dominance item in F1 and its relatively iow significance in F2. The dominance by arrays and dominance by occasions interactions are significant for F1 but not for F2, probably a direct consequence of the drop in average level of heterozygosity in the latter generation. The significance in F1 of the dominance x arrays item is more likely to be due to correlated gene distribution than epistasis, as selected breeding material was used for parents. Another indicator of non-allelic interaction, the secondorder item, is non-significant, and the possibility of extensive epistasis occurring can be ruled out by the lack of significant deviation from unity in the slopes of the Wr/Vr regression lines in fig. 5 .
Results of an Allard-type analysis of comparable NCC 38 and NCG 40 data are shown in tables 11 a and 11 b, and once again non-additive genetical differences exist. It is noteworthy that the significant arrays x culture interactions show that relative dominance of the parents changes according to culture. This is also evident from the array co-ordinates in the Wr/Vr graphs of fig. 5 . The Allard dominance item in table 1 lb is significant in the F1 and fails to reach significance in the F2 so dominance is not complete, in sharp contrast with the leaf data analyses in table 5b. There is no indication of any epistasis. Analysis of data with the 101-102 array omitted. The large, non-additive genetic variance conditioned by the inclusion of genotype 101-I 02B has clearly been demonstrated by Jinks and Allard tests to be due mainly to dominance. The boll data are of particular interest where they show a differential reaction of arrays to cultures, and these figures were re-analysed omitting 10l-102B and its hybrids. There are no significant differences between the three occasions on which NOC 38 was used: analysis of results from NCC 38 and NCC 40 on occasion 3 are given in table 12.
Extensive non-additive genetic variance occurs in the populations lacking the 101-1 02B array and inoculated with NCC 38. This effect is strongly directional in F1 and F2, as witnessed by the high levels of significance of the b1 terms. Despite the absence of array 4 we may conclude that dominant alleles are still present, as Wr/Vr regression lines for NCC 38 data pooled over occasions have coefficients of087±01l8 and 091 for F1 and F2 data respectively.
On the other hand, deletion of the 101-1 02B array eliminates significant dominance variance when bacteria of the NCC 40 strain are used. In the absence of non-additive variation there is no point in undertaking Jinks' or Allard-type analyses.
GENERAL DisCUSSioN
Interactions between the host cotton plant, the bacterial pathogen and the environment make it difficult to draw definite conclusions from studies Arnold (1963) and Arnold and Brown (1968) stimulating interest in the three-way interactions. They stressed the interdependence of the factors which influence the host-parasite relationships: any one factor can only be studied effectively over a range of variation in the others. In the foreseeable future it is unlikely that sufficient phytotron facilities will be available for testing the large populations required for this type of study using mature cotton plants, and one cannot extrapolate from seedling cotyledons to fruits. Field experimentation is therefore required to complement the limited results obtainable from artificial control of the environment. Attempts at studying resistance to two bacterial strains under widely differing field conditions by the use of diallel crosses are described.
Of the three statistical methods of diallel analysis employed, Hayman's (l954a) method was used first to detect and evaluate non-additive genetic variance. The Wr/ Vr graphs in the Jinks analysis were subsequently of most use in differentiating between dominance and epistasis, and for indicating the distribution of dominant and recessive alleles in the inbred lines. Such graphs, and the Allard-type (l956a) analysis, were also useful in revealing changes in the relative dominance of alleles in the parents, as in the case when the two bacterial cultures were compared.
Parent 4, the line lOl-102B, is the major source of interest. It was derived from a cross of the American variety Empire WR (G. hirsutuin) and Bar 4/16, a Sudan G. barbadense line containing Knight's (1957) B2B3 genes. Five backcrosses to Empire were followed by one to the blight susceptible selection MVW (L. S. Bird, personal communication) . Empire WR, a selection from Stoneville, has little blight resistance but contains the B5m minor gene complex (El-Zik and Bird, 1970) . No other known B2B2B3B3 cotton possesses resistance at a level approaching that shown by lOl-lO2B. The variety is virtually immune in the U.S.A. (Hunter, Brinkerhoff and Bird, 1968) and in India (Verrna arid Singh, 1970) .
The strong effectiveness and dominance of the genes in 101-1 02B has been demonstrated, and there are several implications.
Firstly, 101-1 02B represents a powerful source of resistance to two representative, highly virulent bacterial cultures. Under the conditions in which this genotype has so far been tested it is nearly immune. Whereas all cotton growing conditions have not been represented, lOl-102B could presumably contribute to the synthesis of varieties with outstanding resistance. Secondly the performance of 101-1 02B is remarkable in that part of the resistance is supposedly polygenic (the Bm complex). The variety may contain major resistance genes other than B2B3 and Bm, though it is difficult to see where any other known loci could have been used in its breeding.
It may be that in the presence of B2B3, the BSm complex acts as a modifier, similar in action to Knight's B6. It is also possible that a modifier gene, capable of interacting with the B2 and B3 loci, could have been in MVW, but this is less likely. In a study involving Knight's B4, B7 and the combinations B2B3, B2B3B7 and B2B6 transferred to different varietal backgrounds, El-Zik and Bird (1970) found that Empire WR, with its B8m complex, was most effective in boosting major gene resistance. The Bm complex from Deltapine TPSA was more effective than BTm from Texacala. Whilst studying the highly effective resistance in Arnold's (1963) UKBR African Upland lines selected in Tanzania Innes (1969) found that these contained a polygene complex which increased the basic resistance conferred by the major gene B2. The UKBR lines were obtained by progressive exploitation of residual genetic variability by selection during pedigree line breeding. Innes therefore postulated that polygenes had been built into an effective block which simulated the behaviour of a major gene.
There is now evidence to suggest that a stable supergene has been synthesised in 101-lO2B, and analyses presented above suggest that it is dominant in action. The overall level of non-additive variability is strongly affected by the inclusion or exclusion of the 101-1 02B array from the analyses. The inclusion of a genotype which so markedly extends the dominance range of a set of diallel parents can have disturbing effects on biometrical studies. The estimation of genetical parameters would be different in a diallel set with regular incremental differences in dominance.
The bacterial cultures NCC 38 and NCC 40 have been shown to behave differently in this study, and there are many other genotypes of X. malvacearuin (e.g. Brinkerhoff, 1963; Arnold and Brown, 1968) . Where naturally infected trash is used as a source of inoculum (e.g. Knight, 1946 ) a wide range of genotypes probably occurs. At Namulonge, mixtures of cultures are used in breeding programmes. Each component is tested separately to assess its virulence, and mixtures of cultures are checked to ensure that combinations in which components are antagonistic (Brown, 1966) are not used.
There has been controversy as to whether, in cotton, seedling and adult plant resistance to blight are related (see Arnold, 1963; Innes, 1966) . Arnold pointed out the need for care in interpretation because of interactions of genotype with environment. When considering, for example, the relationship between resistance in leaves and boils on the same plant inoculated at different times even with the same bacterial strain the infected organs are subjected to different conditions. He concluded from his own results that a basic mechanism controlled leaf, stem and boll resistance to X. malvacearum, but that additional factors probably operated in certain tissues, such as stems. Innes (1966) found evidence of genetic differences in certain genotypes when leaf and stem resistance were evaluated, but whatever the cause of such variation between organs and at different physiological ages, the present results reinforce the conclusions of Arnold and Brown (1968) . They insisted that in breeding cotton it is desirable to screen for resistance at different stages of plant growth and in a range of environments. Programmes based on alternate testing sites are more likely to produce plants with well-. balanced resistance mechanisms than are those in which genotypes evolve in isolation.
